Concerns about the environment, nutrition, and farm profits all point to the increasing importance of the phosphorus (P) content of a diet. Animals must now be fed near their P requirements. However, it is very difficult to know the exact P requirements of broilers. The objective of this study was to provide efficacy data of a 6-phytase for use in broilers at different Ca levels and Ca/P ratios. Broilers were randomly assigned to 6 treatments, each with 6 replicates. The treatments comprised diets differing in Ca and P level: 1) normal Ca and total normal phosphorus (Pt) level, 2) normal Ca and low Pt level, 3) low Ca and Pt level, and differing in phytase level (no, normal or high phytase supplementation). During the entire study, lowest BW was obtained when broilers were given the imbalanced (normal Ca and low Pt level) diet with low phytase supplementation. Among the balanced dietary treatments no significant effects on performance were observed. A higher Ca/Pt ratio decreased feed intake, whereas addition of phytase increased feed intake. For the starter period, the most favorable feed conversion was obtained when broilers were fed the imbalanced diet with a high dosage of phytase or the low Ca, low Pt diet supplemented with phytase. For the grower and finisher period, broilers with the highest weight gain had the highest feed intake resulting in comparable feed conversions between treatments. Litter quality was not affected by dietary treatments but prevalence of foot pad lesions and hock burn was significantly influenced by treatments. The highest percentage of both was seen when broilers were given the imbalanced diets. The overall results of this study emphasises the relevance of the Ca/P ratio in modern broiler feeding and P studies. It can be concluded from this study that dietary Ca and P concentrations can be reduced by 20% if done in a balanced way. If done in combination with phytase supplementation, performance results improve even more.
DESCRIPTION OF PROBLEM
Minerals have a variety of functional characteristics. The main mineral base, Ca and phosphorus (P), supports skeletal growth, eggshell formation, and several other physiological functions. P can have a vegetable, animal, or mineral origin. In mineral feedstuffs, P is mainly present as a Ca phosphate, whereas in many plant feedstuffs P is largely present in the form of phytate. Phytate is characterized by its low availability to poultry, its capacity to chelate with minerals and other nonmineral nutrients, and its interference with endogenous amino acids [1, 2] . To compensate for this, inorganic feed phosphates are often added to the feed to fulfil the requirements of the animals. However, the high grade and economic reserves of the mineral P sources are being depleted, which could result in mining either slightly more costly resources or lowergrade phosphate rocks [3] . Second, addition of mineral P in combination with an inefficient use of phytate-P (PP) can contribute to environmental pressure through excretion of undigested P resulting in accumulation in soils and eutrophication.
Given the rise in phosphate prices and the environmental pressure, feed producers are looking for alternatives. A partial solution or strategy for poultry producers can be found through the use of "new generation" phytases, limitations in dietary P concentration and the use of appropriate Ca/P ratios, or a combination of these strategies.
Several studies demonstrate the favourable effect of phytase on the PP availability [4] [5] [6] . In other words, phytase releases P from the phytate, making it available for monogastric animals and thus reducing P excretion into the environment.
An optimization of the P use in poultry production depends on knowledge about many factors, such as the P availability, the Ca/P ratio, and interactions with phytase and others [7] [8] [9] [10] . To reduce environmental pressure and improve nutrition, the P content of a diet is an increasingly important issue and broilers must be fed near their P requirements. Therefore, the objective of the current study was to provide efficacy data of a 6-phytase for use in broilers at different Ca levels and Ca/P ratios. To do so, we introduced phytase at 2 dosage levels into one of 2 diets: 1) a diet with a reduced P level, or 2) a diet with a reduced Ca and P level. The bio-efficacy of the phytase for broilers was determined in a performance study.
MATERIALS AND METHODS

Birds, Housing, and Dietary Treatments
One-day-old male broiler chicks (Ross 308) were used in this study (Belgabroed Hatchery, Merksplas-Belgium). The birds were housed in the poultry experimental facility at the Institute for Agricultural and Fisheries Research (ILVO; Merelbeke, Belgium). For the present study, 36 pens were used following a randomized block design. Male birds were housed with 35 birds per pen. The final stocking density was 34 kg/m 2 . The floor was covered with fresh wood shavings; no additional filling or cleaning of the floor was done during the study.
Central water heating and infrared bulbs (one per pen) provided optimal house temperature. The lighting program was 18L:6D during the entire period. Ventilation was provided with an air entrance located centrally at the top of the building and air extraction at both sides. The ventilation rate depended on the measured temperature and age of the broilers thereby 1) keeping the temperature as close as possible to the optimal temperature schedule, and 2) minimizing the moisture, NH 3 , and CO 2 content of the inside air.
The study consisted of 6 dietary treatments. Each treatment had 6 replicates of 35 birds or 1,260 birds in total. The study comprised 3 diets differing in Ca and P level: 1) normal Ca and normal P level (positive control, diet = Treatment 1), normal Ca and low P level (Treatments 3 and 4), and low Ca and low P level (Treatments 2, 5, and 6). The Ca and P level used for the positive control were based on the results obtained in a previous study [11] . For the negative control treatments both percentages of the minerals of the positive control treatment were reduced with about 20%.
The following additive-related variations of these basal diets were also tested: 2 dosages of a 6-phytase (OptiPhos R 2500 Granular) at respectively 100 g/metric ton (corresponding with 250 OTU(one unit of phytase activity)/kg diet and 1 OTU is the amount of enzyme that catalyzes the release of 1 μmol inorganic phosphate per min from 5.1 mM sodium phytate in pH 5.5 citrate buffer at 37
• C, measured as the blue Pmolybdate complex color at 820 nm, the normal usage level) and 200g/metric ton (corresponding with 500 OTU/kg diet, a high usage level) Optiphos R 2500 Granular. The normal usage level of phytase was supplemented to Tr3 and Tr5, the high dosage level to Tr 4 and 6. An overview of the feedstuff and nutrient composition of the dietary treatments and their intended levels of Ca and P (starter, grower, and finisher) are given in Tables 1 and 2 . All treatments were formulated to be isocaloric and isonitrogenous. A 3-phase feeding scheme was applied with periods of 13 d each including a starter (age 1 to 13 d), grower (age 14 to 26 d), and finisher (age 27 to 39 d) diet. Diets contained a crude protein (CP) level of 20.7, 20.0, and 19.0, and an energy level of 2,842, 2,938, and 3,009 kcal/kg diet during the starter, grower, and finisher diets, respectively. The corn-based broiler diets were formulated to contain adequate nutrient concentrations as recommended by Aviagen (as per 2009 Aviagen guidelines), except for the negative control groups (Treatments 2, 5, and 6) where Ca and P contents were reduced and for the imbalanced treatments 1 aP = Available phosphorus; Start = Starter period; Grow = Grower period; Fin = Finisher period; Tr 1 = Normal calcium (Ca) and normal phosphorus (P) level; Tr 2 = Low Ca and low P level; Tr 3 = Normal Ca and low P level + normal phytase level; Tr 4 = Normal Ca and low P level + high phytase level; Tr 5 = Low Ca and low P level + normal phytase level; Tr 6 = Low Ca and Low P level + high phytase level.
(Treatments 3 and 4) where only P was reduced ( Table 2 ). The diets were supplemented with an anticoccidial (Clinacox for 1 to 35 d) but did not contain any growth-promoting antibiotics, nonstarch polysaccharides, enzymes, or other phytases. The diets were produced at ILVO's experimental feed milling facilities. This study was approved by the ILVO Ethics Committee (EC 2013/200).
Measurements
Samples of all dietary treatments were taken and analyzed for Ca and total P. Average pen weight (BW) was recorded at 1-day-old and 13, 21, 26, and 39 d age. ADFI was recorded for 1 to 13, 13 to 26, and 26 to 39 d. FCR, average daily growth rate (ADG), bird-days, and daily feed intake per bird were calculated for 1 to 13, 13 to 26, and 26 to 39 d, and also for 1 to 26 and 1 to 39 d. The feed conversion to obtain a BW of 1,500 and 2,000 g were also calculated and were referred to as weight adjusted feed conversion (WAFC) 1500 and WAFC2000, respectively.
Twice daily, animals and housing facilities were inspected for the general health status, constant feed and water supply, as well as temperature and ventilation, dead birds, and unexpected events. Daily mortality and cullings were recorded for each pen. Corrections for mortality calculating performances were done using the number of 'animal days' (number of animals x days alive).
At 21 d age, 4 broiler chickens from each pen that weighed as close as possible to the average pen weight were selected. These birds were killed by cervical dislocation and the left tibiotarsi (tibia) was removed. The tibias were cleaned by 5 min boiling in water after which all the surrounding meat and the epiphysis were removed. After cleaning, bones were dried in an oven for 6 h at 60
• C, defatted, and ashed (6 h at 600
• C) to determine tibia ash-percentage. Tibia ash percentage of 6 samples (one pooled sample of 4 tibias per pen) per treatment were determined.
Lesion score determined by hock dermatitis (score 0, 1, 2, and 3) and foot pad dermatitis (score 0, 1, 2, and 3) were measured at 26 and 39 d for 8 broilers per pen. Prevalence of hock dermatitis was scored via following scoring; absence hock dermatitis was assigned a score 0, color changes or minor lesions score 1, larger lesions score 2, or 3 points for severe lesions. Foot pad dermatitis was scored on a 4-point scale: score 0, no lesions on the foot pads; score 1, small lesion of the foot pad epithelium (<1 cm); score 2, larger lesion (>1 cm); and score 3, dorsal swelling visible (bumble foot) [12] .
Litter quality was determined by scoring of the feather dirtiness of the birds (scale 0, 1, 2, and 3) resulting in one score per pen (scored at the end of the study). Plumage condition of the whole pen was scored on a 4-point scale: score 0, no or only very few feathers of the majority of broilers were dirty; score 1, about onethird of the broilers had dirty feathers; score 2, half of the broilers in the pen had dirty feathers; score 3, almost all the broilers had dirty feathers.
Statistical Analysis
The results are given for each subperiod (starter, grower, and finisher) and for the entire period. All performance parameters were analyzed by a linear mixed model with treatment as a fixed factor and block as a random factor (Statistica software program 11.0, 2012, Statsoft Inc., Tulsa, OK). Tukey's hones significant difference (HSD) test was used to compare treatment group means. In the tables below, P values are given. Data that differ significantly have a P value below 0.05.
The scoring data (litter quality, foot pad, and hock lesion scoring) were analyzed using a proportional odds logistic regression model for ordinal responses (polr function in MASS package in R 3.0.1).
RESULTS AND DISCUSSION
Analyzed and Calculated Ca and P Values
The analyzed Ca and P content of the dietary treatments fitted well with the theoretical formulated values. Calculated percentages are presented in Table 2 ; the analyzed percentages in Table 3 . The difference between calculated and analyzed values ranged from −0.5 to +0.5%. The analysis of the Ca values revealed a somewhat lower (−0.5%) and higher (+0.5%) percentage than intended for the negative control group during the grower phase and for Treatment 5 during the starter phase, respectively. For the other dietary treatments difference between analyzed and calculated Ca levels was lower than 0.5%. For the P levels, a direct comparison was not possible as available phosphorus (aP) levels were calculated and total phosphorus (Pt) values were analyzed. Nevertheless, analyzed Pt levels were in line with the expectations according the calculated Pt levels.
Performance Results
In general, growth rate in this study was moderate (on average 2,296 g after 39 d with a variation from 2,215 to 2,363 g) with relatively favorable FCR (on average 1.59). The main performance results are presented in Table 4 . BW at the start of the study varied between 44.4 and 45.1 g with a mean value of 44.7 g. No significant differences were observed between dietary treatments for BW at start of the study. Therefore it can be stated that performance differences observed during the study were only due to the dietary treatments. Body weight at 13 (P = 0.002), 26 (P < 0.001), and 39 d age (P < 0.001) was significantly affected by dietary treatments.
No significant differences between the balanced diets without phytase supplementation (Treatments 1 and 2) were observed until slaughter age. Previous research indicated that Pt retention is higher when broilers are fed diets containing less nonphytate PP (nPP) compared with higher nPP, suggesting that feeding excessive levels of phosphorus had no advantage [5, 13] . Our results also indicate that a reduced Ca and Pt level had no deleterious effect on BW of the broilers. However, when broilers were given the low Ca, low P diet (Treatment 2), BW at slaughter age decreased with 32.9 g compared to their normal Ca, normal P fed counterparts (Treatment 1). Therefore these results confirm the findings of [11] , namely that Ca and P level of the diets can be set more closely to the bird's requirements, and a reduction of about 20% of Ca as well as P is feasible. However, it seems that a further reduction of P (3, 2.1 and 1.8 % for the starter, grower, and finisher, respectively) or Ca (7, 6, and 5 % for the starter, grower, and finisher, respectively) could result in a poorer performance of broilers due to a P deficiency indicating that the Ca/Pt ratio as well as the absolute levels play an important role in broiler diets. During the entire trial, lowest body weight was obtained when broilers were given the imbalanced diet with low phytase supplementation (Treatment 3). The high Ca/P ratio of the normal Ca, low P diets (ranging from 2.3 to 2.8) reduced the ability of broilers to use P in the diet probably because insoluble Ca-phytate and Ca-P complexes are formed [14] . Numerous studies have demonstrated the positive effect of exogenous phytase on the PP availability [4] [5] [6] as supplementation of phytase results in an increased use of PP and a better performance. However, it is known that efficacy of phytase is reduced due to a high Ca/P ratio [11, 14] therefore it can be assumed that dietary supplementation with phytase did increase the efficiency of PP use but not enough to reach the level of the balanced diets: the BW of broilers fed Treatment 3 was significantly lower compared to broilers fed Treatments 4 and 5 until 13 d age. From 26 d onwards, BW of Treatment 3 fed broilers remained numerically lower compared with the other dietary treatments but only significantly lower compared to the phytase supplemented low Ca, low P groups (Treatments 5 and 6).
Supplementing phytase at Treatments 5 and 6 increased the BW. Nevertheless, the effect of supplementation and of dosage of phytase was dependent on period. For the starter period BW showed no significant increase, whereas for the grower period the broilers fed the high phytase supplemented low Ca, low P diet (Treatment 6) had a significantly increased body weight compared to the nonsupplemented low Ca, low P treatment (Treatment 2). During the finisher period a significant difference in BW was observed between broilers fed Treatments 5 and 2. The higher supplementation level of phytase did not always result in a further significant increase of BW and did not result in an additional effect. However, the effect of a higher phytase supplementation level was more pronounced for the unbalanced diets (Treatments 4 vs. 3 ). There was a significant increase of body weight by replacing the normal by the high phytase level during the starter period for the unbalanced diets. This increase remained during the grower and finisher period but was no longer significant at the 5% level. Therefore, the poorer overall performance of birds fed phytase added to the high Ca and low P diets might have been due to insufficient P to meet requirements even when PP was liberated by phytase. As body weight of Treatment 3 was rather low (294.6 g at 13 d), the margin of improvement was higher compared with Treatment 5 which had an average body weight of 326 g at 13 d. This can also explain the higher efficacy of a higher dosage of phytase for Treatments 3 and 4 compared to Treatments 5 and 6. This effect was most pronounced during the starter phase, which could indicate a higher demand of Ca and P during the first days of life and a correct Ca/P ratio. It would be worthwhile investigating if Ca and P levels can be reduced further starting from d 13 onwards, providing sufficient nutrients during the first days.
Lowest daily feed intake was observed for the Treatment 1 group during the starter phase (P = 0.02), but during the grower (P = 0.006) and entire phase (P < 0.001) Treatment 3 showed the lowest feed intake. In general, highest feed intake was noticed when broilers were fed the low Ca and low P diets supplemented with phytase. Increasing the level of supplementation of phytase did not further (significantly) increase the feed intake. However, a higher dosage of phytase given to the broilers fed the normal Ca, low P diet (Treatments 4 vs. 3) significantly increased feed intake during the grower phase and entire period. Broilers fed the low Ca, low P (Treatment 2) diet without phytase had a feed intake comparable with the normal Ca, normal P diet (Treatment 1). Dietary treatments did not significantly influence feed intake during the finisher phase. For the entire period, broilers fed Treatments 3 and 5 had the lowest and highest feed intake, respectively. These results are in accordance with previous studies as a higher Ca/Pt ratio decrease feed intake [15] and addition of phytase [16] increases feed intake. Wilkinson et al. [17] evaluated the effect of nPP and Ca concentration on the Ca appetite in broilers. They found that dietary nPP concentration influenced the Ca-specific appetite of broilers indicating that birds attempt to regulate their intake of Ca relative to nPP. This may be mediated via a physiological mechanism to maintain an appropriate Ca:nPP intake. Our results confirm their findings, as lowest feed intake was observed when broilers were fed the imbalanced diets whereas balanced lower absolute Ca and P levels significantly increased feed intake. During the starter period a significant effect of diets on feed conversion was observed, while during the grower and finisher periods this effect was no longer observed. For the starter period, the most favorable feed conversion was obtained when broilers were fed the imbalanced diet with a high dosage of phytase (Treatment 4) or the low Ca, low P diet supplemented with phytase (Treatments 5 and 6). Feed conversion was significantly higher for the Treatment 3 fed broilers due to a low BW gain. Supplementing a higher phytase level in combination with the imbalanced diet (Treatment 4) significantly improved feed conversion in the starter phase. For the grower and finisher period, broilers with the highest weight gain had the highest feed intake resulting in comparable feed conversions between treatments. However, the birds in Treatments 5 and 6 were about 140 g heavier compared to Treatment 3, and it is wellknown that FCR increases with weight. It can therefore be stated that although FC were not significantly different, the best performances were obtained for birds in Treatments 5 and 6. This is confirmed by the WAFC1500 and WAFC2000, which were significantly influenced by dietary treatments (Figure 1 ). Broilers fed Treatment 3 (NL = normal Ca and low P level with low phytase supplementation) obtained the highest WAFC1500 (P = 0.002) and WAFC2000 (P = 0.02). A number of studies have reported that the use of phytase not only improves the availability of phosphorus but also has a positive effect on the bioavailability of proteins and amino acids A-B Means with the same subscript are not significantly different from each other (P < 0.05); Tr 1 = normal calcium (Ca) and normal phosphorus (P) level, Tr 2 = low Ca and low P level, Tr 3 = normal Ca and low P level + normal phytase level, Tr 4 = normal Ca and low P level + high phytase level, Tr 5 = low Ca and low P level + normal phytase level, Tr 6 = low Ca and Low P level + high phytase level.
by degrading their complex formation with phytate [13, 18] . The combination of a higher PP digestibility, higher amino acid digestibility, and energy utilization could result in a better performance. This is in agreement with our results when phytase was supplemented to a balanced diet (Treatments 5 and 6).
Mortality was very low with an average below 0.1% and did not depend on dietary variables. For all dietary treatments maximal 4 broilers per treatment died during the duration of the study (data not shown).
Tibia Ash Percentage
Broilers fed the low Ca and low P diet without phytase supplementation (Treatment 2) had a significantly lower tibia ash percentage compared to the birds of the other dietary treatments (Table 5) . These results can indicate that levels of Ca and P were too low and that broilers fed the LL = low Ca and low P diet suffered from 
Litter Quality and Foot Pad and Hock Burn Dermatitis
No significant differences between treatments were found based on the division over the scores for litter quality (data not shown). At d 39, one-third of the pens of each treatment had dry litter and two-thirds had score 1, with exception of Treatments 2 and 3 which also had scores 2 and 3. Interesting to note that phytase has been anecdotally linked to increased moisture in broiler excreta and poor litter quality in the field [19, 20] , which could reflect changes in acid-base homeostasis. However, our results refute this. No significant differences between treatments on litter quality were observed in relation to diet.
Figures 2-5 give an overview of the division over the scores for foot pad lesions and hock burn of the examined birds at 26 and 39 d. Although the litter quality was comparable between treatments, significant differences were found for both foot pad and hock lesions.
Concerning the foot pad lesions, most birds of the diets with the balanced Ca and P levels (Treatments 1, 2, 5, and 6) had no lesions (score 0) or a low percentage of them had score 1 on d 26. Birds of Treatments 3 and 4 had a higher percentage of score 1 compared to the other groups, however none of the examined birds of Treatment 3 had score 2 or 3, whereas 2.1% of birds of Treatment 4 had score 2. At 39 d, all dietary treatments resulted in a higher score of food pad dermatitis. At 1 d age the number of birds with score 0 was twice as high compared with the number of birds at the end of the study. Also a higher incidence of score 3 was observed at 39 d age. In general, the incidence and severity of the lesions increased with the age of the broilers.
Especially broilers fed Treatment 3 had a higher prevalence of score 2 and 3 compared to the other broilers. Lowest percentage of score 3 birds of Treatment 5 had score 2 (Figure 4) . At slaughter age, the lowest prevalence of hock burn was seen for Treatment 1. None of the broilers fed Treatment 1 had score 3 and only a few had score 2 (2.1%). Treatment 3 again had the highest percentage broilers who received scores 1, 2, and 3 ( Figure 5 ).
CONCLUSIONS AND APPLICATIONS
1. Among the balanced treatments without phytase supplementation, no significant performance differences were observed. Reducing mineral supplementation of Ca and P by 20 to 25% is feasible if done in a balanced way to obtain maximal performance results. 2. The balanced diets (with and without phytase supplementation level) had significantly lower WAFC1500 and WAFC2000 compared to the imbalanced diets. 3. Supplementing phytase to the low Ca, low P diet did further increase performance and the obtained results were even better than those of the normal Ca, normal P fed group, but not at the 5% significance level.
4. A higher dosage of phytase only combined with an imbalanced diet (normal Ca and low P) had a significant effect as the higher supplementation level could compensate for the shortcomings of the imbalanced diet. 5. Prevalence of foot pad lesions and hock burn was significantly influenced by treatment. The highest percentage of both was seen when broilers were given the imbalanced (normal Ca and low P) diets.
